ABSTRACT: Previous comparisons between the cDNA and gene sequences for secreted folate binding protein (sFBP) indicated a 12-bp insertion/deletion (ins/ del) polymorphism in exon 1 and a SNP that altered (Ser-Arg) the protein AA sequence. The effect of the Ser-Arg SNP on reproductive traits was examined in three groups of Meishan-White European breed crossbred gilts. The gilts for all three groups were unilaterally hysterectomized-ovariectomized (UHO) at 100 d of age. Group 1 gilts (n = 77) were mated at estrus, slaughtered at d 105 of pregnancy, and a blood sample was collected from each fetus to determine fetal hematocrit. The number of corpora lutea and fetuses and the fetal and placental weights were recorded. Group 2 gilts (n = 46) were mated, the remaining uterine horn was flushed with 20 mL of saline on d 11 of pregnancy, conceptuses were counted, and flushings were measured for total sFBP. Gilts were allowed an estrous cycle to recover, mated again at estrus, slaughtered at 105 d of gestation, and the data as described for Group 1 were collected. Groups 1 and 2 gilts were genotyped for the Ser-Arg SNP. In Group 3, gilts (n = 70) and boars (n = 30) were genotyped for the Ser-Arg SNP
Introduction
With current technology, uterine capacity (UC), or the number of fetuses that can be maintained by the uterus until the end of gestation, represents the major limit to litter size in swine (Vallet, 2000) . The Meishan is a Chinese breed of pigs known to have greater UC than European breeds (Haley and Lee, 1993) . In addi-1 Names are necessary to report factually on available data; however, the USDA neither guarantees nor warrants the standard of the product, and the use of the name by USDA implies no approval of the product to the exclusion of others that may also be suitable. 
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before mating, and like genotypes were mated. Gilts were then treated as described for Group 2. The effect of the 12-bp ins/del on reproductive traits was examined in 407 white crossbred UHO gilts from a randomly selected control line and from lines selected for ovulation rate (OR) and uterine capacity (UC). Gilts were mated and slaughtered at 105 d of age, and the numbers of corpora lutea and live fetuses, and fetal and placental weights and fetal hematocrits were recorded. The 12-bp ins/del also was evaluated in 131 intact gilts from the OR selected line. These gilts were mated at approximately 250 d of age and farrowed. The numbers of fully formed and live piglets were recorded. A significant effect (P < 0.05) of the Ser-Arg SNP was detected on the number of embryos present on d 11 of pregnancy and on UC. The sFBP 12-bp ins/del was associated with UC (P < 0.01) and the number of CL (P < 0.05) in UHO gilts, but not with litter size in intact gilts from the OR line. Results suggest that the 12-bp ins/del polymorphism could be exploited to increase litter size in swine, provided that the negative effect of the polymorphism on OR is overcome.
tion, using the unilaterally hysterectomized-ovariectomized (UHO) surgical model (Christenson et al., 1987) to measure UC, selection for UC increased UC by approximately one live fetus per uterine horn (Christenson and Leymaster, 2002) . Thus, gene alleles associated with increased UC should be present in greater frequency in both Meishans and gilts selected for UC, although the same alleles may not occur in both populations. Previous reports from our laboratory have suggested that fetal erythropoiesis may influence UC (Pearson et al., 1998; Vallet et al., 2001 Vallet et al., , 2003 , and folate is required for rapidly dividing tissues (Babior, 1990; Blount et al., 1997) such as the conceptus and fetal erythron. Folate transport to the conceptus involves secreted folate binding protein (Vallet et al., , 1999a . Secreted folate binding protein seems to be a product of the endometrial glands (Kim and Vallet, 2004) , but the contribution of the conceptus to Figure 1 . Sequence of exon 1 of secreted folate binding protein (Vallet et al., 2001) showing the presence or absence of the 12-bp (bold type) insertion deletion along with potential folding patterns for each structure. The underlined region indicates the repeated region of this exon.
intrauterine secreted folate binding protein (sFBP) is not known. Because of the role of sFBP in folate transport, polymorphisms in the sFBP gene are candidates for association with UC. A previous report (Vallet et al., 2001 ) suggested several sequence polymorphisms in the sFBP gene. Among these, one polymorphism was a SNP that coded for a difference (Ser-Arg) in the AA sequence of the sFBP protein. Another was a 12-bp insertion/deletion (ins/del) polymorphism in exon 1 that is part of a repeat region in the 5′ untranslated region. The presence or absence of this polymorphism determines whether two or three repeats are present, and it may change the secondary structure of the sFBP mRNA ( Figure 1 ) and thereby affect mRNA stability or translation efficiency. The objective of the current study was to determine whether either of these polymorphisms in the sFBP gene is associated with reproductive traits in swine.
Materials and Methods

The Secreted Folate Binding Protein Ser-Arg Single-Nucleotide Polymorphism
A genotyping assay using primer extension and mass spectrometry (Sequenom, San Diego, CA) was developed for the Ser-Arg sFBP SNP using the primers in Table 1 . Using this assay, a preliminary survey of Meishan-White crossbred gilts, and crossbred gilts of Yorkshire, Landrace and Duroc mixed breeding indicated that this polymorphism was only present in gilts of Meishan descent. Thus, the effects of this genotype on reproductive traits could only be evaluated in groups of Meishan-White crossbred gilts.
The collection of phenotypic data from MeishanWhite crossbred Groups 1 and 2 was described in Vallet et al. (2002) . The Meishan-White crossbred gilts used in this experiment are the result of several generations of inter se matings between Meishan-White crossbred gilts and boars. Briefly, for Group 1, UC, number of corpora lutea (CL), fetal hematocrits, fetal weights, and placental weights were recorded for 77 UHO gilts on d 105 of gestation. The UHO surgery involves the removal of one ovary and one uterine horn. Because of compensatory ovarian hypertrophy, ovulation rate (OR) is unaffected. After fertilization, this results in embryo numbers that exceed the capacity of the remaining uterine horn (Christenson et al., 1987) . Thus, litter size in UHO gilts equals half the UC for that gilt. For Group 2, the number of embryos, CL, average embryo diameter, and total intrauterine sFBP on d 11 of pregnancy were recorded for 46 UHO gilts, the gilts were rebred, and the same information as that collected for Group 1 was collected on d 105 of gestation. Genomic DNA for each gilt in Groups 1 and 2 was isolated from tail tissue using the salt extraction method (Kappes et al., 2000) , and was then used to determine the Ser-Arg SNP genotype for each gilt. For Group 3, an approximately equal number of gilts and boars of each genotype were generated by making specific matings between MeishanWhite crossbred gilts and boars possessing specific SerArg genotypes. Genomic DNA was isolated from tail tissue from select male (n = 30) and all female (n = 70) progeny of these matings and used to determine Ser- At surgery and at slaughter, data were collected as described for Group 2 gilts. In addition, fetal brain, liver, heart, and spleen weights were collected at 105 d of gestation. Gilts were mated to boars of like genotype to simplify the experiment, such that for homozygous gilts, litter genotypes also would be homozygous.
For Group 3 gilts, intrauterine sFBP was measured using a specific RIA (Vallet et al., 1999a) . To ensure that the assay was valid for both the Ser and Arg forms of sFBP, parallelism and ability of the assay to measure added exogenous sFBP were compared for the two homozygous genotypes. Dilutions of uterine flushings from a homozygous Ser gilt and a homozygous Arg gilt were both parallel to the standard curve. Measurement of the same amount of added exogenous sFBP to both samples did not differ. Group 3 uterine flush samples were measured in a single assay with an intraassay CV of 11.6%.
The Secreted Folate Binding Protein 12-Base Pair Insertion/Deletion
To genotype this polymorphism, primers were developed flanking the region of the sFBP gene containing the 12-bp ins/del (Table 1) . Genomic DNA samples were isolated from tail tissue using the salt extraction method, and then the genotyping primers were used to amplify genomic DNA from the UHO and intact gilts described below. The resulting products were predicted to be 169 and 181 bp, and were resolved and visualized by electrophoresis using a 10% polyacrylamide gel in Tris-borate-EDTA buffer followed by staining with ethidium bromide (Figure 2) . A preliminary survey indicated that this polymorphism segregates in European breed pigs; thus, we chose to evaluate it in white crossbred gilts.
Collection of the phenotypic data for evaluation of the effect of this polymorphism was described by Christenson and Leymaster (2002) . Briefly, white crossbred gilts from a randomly selected control line, a line selected for OR, and a line selected for UC were UHO at 160 d of age, and then mated at approximately 250 d of age at standing estrus. A total of 407 gilts were slaughtered at 105 d of gestation, the remaining uterine horn was recovered, opened, and a blood sample was obtained from each living fetus. Each fetus and placenta were then removed and weighed. Finally, the ovary was dissected to count the number of CL. Fetal blood samples were used to determine hematocrit.
Because we were interested primarily in genes effecting UC, we felt that litter size in intact gilts from the OR line, which has greater OR and therefore more potential embryos, also would provide a useful measure of UC. Thus, phenotypic information was used from intact gilts from the OR line, collected as described in Christenson and Leymaster (2002) . Briefly, OR gilts were bred at approximately 250 d of age and farrowed. At farrowing, the number of fully formed piglets born and the number of piglets born alive were recorded.
Statistical Analyses
Embryo diameters, fetal hematocrits, fetal and placental weights, and fetal brain, liver, heart, and spleen Additive contrast (Ser-Ser vs. Arg-Arg) was significant, P < 0.01.
weights were averaged within each litter, and litter averages were used for further analyses. Data from Groups 1 and 2 of the Meishan-White crossbred gilts were combined and analyzed using the GLM procedure of SAS (SAS Inst., Inc., Cary, NC), with a model that included effect of the Ser-Arg sFBP genotype. For Group 3, the effect of boar was nested within genotype, so the MIXED procedure of SAS was used to analyze the data using a model that included the effect of the Ser-Arg sFBP genotype as a fixed effect and the effect of the sire of the litter nested within Ser-Arg sFBP genotype as a random effect. For the sFBP 12-bp ins/del in UHO gilts from the three selected lines, genotype frequency data between selected lines were analyzed by χ 2 analysis, and other data were analyzed using the MIXED procedure of SAS (SAS Inst., Inc., Cary, NC). The model included effects of sFBP genotype, selected line, season, and the line × season interaction as fixed effects. The effect of the sire of the litter nested within the line × season interaction, and the interaction between sFBP genotype and the sire of the litter within the line × season interaction were included in the model as random effects.
The numbers of fully formed and live piglets born to intact OR gilts were analyzed using the MIXED procedure with a model that included the effects of season and the sFBP 12-bp ins/del genotype as fixed effects; the effect of the sire of the litter nested within season and the interaction between sFBP genotype and the sire of the litter within season were included as random effects.
For both polymorphisms, the following orthogonal contrasts were used to determine the additive and dominance effects for each locus: 1) additive: gilts that were homozygous for allele 1 were compared with gilts that were homozygous for allele 2; and 2) dominance: the average of gilts that were homozygous for allele 1 and gilts that were homozygous for allele 2 was compared with gilts that were heterozygous.
Results
Results from Meishan-White crossbred gilts from Groups 1 and 2 combined and Group 3 are presented in Tables 2 and 3 , respectively. For Groups 1 and 2, in which the genotype of the sire of the litter for the SerArg sFBP SNP was unknown, the only significant effect of maternal genotype detected was on placental weight (P < 0.05). Gilts that were homozygous for the Arg allele had greater placental weight. However, only five gilts with this genotype were available in Groups 1 and 2 combined; thus, Group 3 was produced to give similar numbers of observations for each genotype, and to simplify the relationships between maternal and fetal genotypes. In Group 3, an additive effect of sFBP genotype on the number of embryos present on d 11 was observed (P = 0.05), indicating that the presence of the Arg allele was associated with a decrease in the number of embryos recovered on d 11 of pregnancy. This occurred with no effect on the number of CL on d 11. In addition, a significant additive effect of genotype (P < 0.05) on total intrauterine sFBP on d 11 of pregnancy was obtained. On d 105 of pregnancy, the significant additive effect of genotype on placental weight obtained for Groups 1 and 2 was not confirmed (Table 3) . Finally, on d 105 of pregnancy, a significant dominance effect (P < 0.05) was observed for UC, indicating that UC was greater for heterozygous gilts than the average of the two groups of homozygous gilts, which did not differ. No other effects of the Ser-Arg sFBP genotype were detected in these gilts.
Results of the associations between the 12-bp ins/del and reproductive traits in UHO gilts from the three selected lines are summarized in Table 4 . The frequency 13.8 ± 0.5 13.4 ± 0.6 13.1 ± 0.5 No. of embryos 11.5 ± 0.8 10.1 ± 0.9 9.1 ± 0.8 a Blastocyst average diameter, mm 5.6 ± 0.6 4.9 ± 0.6 5.7 ± 0.6 Total intrauterine sFBP, mg 17.7 ± 4.6 20.4 ± 5.0 32.9 ± 4.2 a d 105 Corpora lutea 13.8 ± 0.6 12.9 ± 0.6 14.0 ± 0.6 Uterine capacity per uterine horn 5.6 ± 0.4 6.7 ± 0. of the deletion allele was 17.6, 38.3, and 22.1% for the control, OR, and UC lines, respectively. Chi-square analysis indicated that the frequency of the deletion allele did not differ between the control and UC lines, but it was different (P < 0.01) between the control and OR lines. Gilts homozygous for the deletion of 12 bp in exon 1 had increased (additive contrast; P = 0.01) UC and decreased (additive contrast; P < 0.05) CL compared with gilts that were homozygous for insertion of the 12 bases. Dominance contrasts for these traits were not significant. No differences between sFBP 12-bp ins/del genotypes in the other traits were detected. In contrast to the results from UHO gilts, no significant effects of the sFBP 12-bp ins/del on either the total Additive contrast (++ vs. − −) was significant, P < 0.05.
piglets born or the number born alive (Table 5) were detected for intact gilts from the OR line.
Discussion
This is the first report of polymorphisms in the sFBP gene associated with reproductive traits. Both polymorphisms were significantly associated with UC, although for the Ser-Arg SNP, a dominance effect was detected, whereas the effect of the 12-bp ins/del was additive. Although an effect of this polymorphism on UC was evident, there was no significant effect of the 12-bp ins/ del on litter size in intact gilts from the OR selected line, although a trend similar to the effect of the poly- Table 5 . Least squares means of secreted folate binding protein 12-bp insertion/deletion genotypes (+ indicates the presence of the 12-bp insertion) for the number of fully-formed and the number of live piglets born to gilts from the ovulation rate (OR) selected line morphism on UC was observed. The Ser-Arg SNP was also associated with the number of embryos recovered on d 11 of pregnancy, but the differences in this trait between genotypes are unlikely to explain the effect of this locus on UC. Nevertheless, the effects of sFBP polymorphisms on OR, the number of embryos recovered on d 11 of pregnancy, and litter size in UHO gilts on d 105 of pregnancy suggest that sFBP may play roles in follicle development, fertilization rate, and/or early embryo survival and UC. Numerous chromosomal regions contain variations that have been associated with litter size or UC in swine, including SSC 6 (Wilkie et al., 1999) , 8 (Rohrer et al., 1999; King et al., 2003) and 11 (Cassady et al., 2001 ). In addition, polymorphisms in several genes have been associated with either litter size or UC. These include the estrogen receptor (Rothschild et al., 1996) , prolactin receptor (Rothschild et al., 1997; Van Rens et al., 2002) , retinol binding protein (Rothschild et al., 2000) , and the erythropoietin receptor (Vallet et al., 2005) genes. The sFBP gene maps to SSC 9 (J. L. Vallet, G. A. Rohrer, and B. A. Freking, unpublished observations) , and it therefore does not correspond to any of the chromosomal regions previously identified. This is not surprising, considering that phenotypic measurements of litter size alone would be unlikely to detect associations with this locus because of opposing effects of the locus on the components of litter size (Bennett and Leymaster, 1989) . Only Rohrer et al. (1999) performed association analysis with the litter size component trait of UC; however, because the Ser-Arg polymorphism is not fixed in Meishans (J. L. Vallet and B. A. Freking, unpublished observations) , and because of the dominance effect of the Ser-Arg locus on UC, associations would be unlikely to be detected using the methods of Rohrer et al. (1999) .
The sFBP Ser-Arg and 12-bp ins/del polymorphisms are likely to cause different changes in sFBP gene function, potentially explaining the various associations of each with component reproductive traits. The Ser-Arg SNP changes both the mRNA sequence and the AA sequence of the sFBP protein, and thus could have a variety of effects on gene function. A significant effect of the Ser-Arg SNP on total intrauterine sFBP content was detected in Group 3 gilts, and a similar trend was present in gilts from Groups 1 and 2, indicating that along with a change in AA sequence, the polymorphism also increased the amount of sFBP protein. The validation of the sFBP assay for the two different forms indicated that the assay measured each form of sFBP equally, so differences in assay reactivity do not seem to explain the differences between genotypes. It is possible that the polymorphism could affect translation efficiency by changes in codon usage. The Ser codon found in the sFBP Ser allele represents only 7% of Ser codons in a sample of porcine genes, whereas the Arg codon of the Arg allele represents 65% of the Arg codons from the same sample of genes (from http://www.kazusa.or.jp/ codon/, Nakamura et al., 2000) . Codon usage affects protein translation, but the effect of a specific change on translation is complex (Kim et al., 1997; Duan et al., 2003) . It is possible that the sFBP mRNA containing the Arg allele is translated more efficiently than the Ser allele. Alternatively, by changing the protein sequence, the SNP could alter the susceptibility of the sFBP protein to degradation by proteases, thereby changing the static amount of sFBP present in the intrauterine lumen at the time the uterus was sampled. Finally, in addition to the effect of the SNP on overall protein amount, the change in AA sequence could affect protein function, such as folate binding affinity. Further biochemical characterization of the mRNA and proteins produced from sFBP genes containing the Ser and Arg polymorphisms are necessary to fully understand how this SNP affects folate transport.
In contrast to the Ser-Arg polymorphism, the 12-bp ins/del occurs in the 5′ untranslated region of the sFBP mRNA. Thus, this polymorphism could influence either transcription of the gene or translation or stability of the mRNA. Interestingly, previous results indicated that the amount of sFBP protein within the uterine lumen during early pregnancy was not significantly correlated with endometrial sFBP mRNA levels (Vallet et al., 1999a,b) , suggesting that sFBP intrauterine protein concentrations may primarily be controlled by translation of the mRNA or by secretion of the protein. Whether mRNA transcription, translation, or susceptibility to degradation is increased or decreased by each allele remains to be investigated.
Alternatively, the effects on reproductive traits observed for both the Ser-Arg SNP and the 12-bp ins/del in this experiment could be accounted for by linkage disequilibrium to other functional polymorphism(s). The sFBP gene is one of a family of related folate recep-tor genes (including a placental membrane folate receptor gene; Vallet et al., 1999b Vallet et al., , 2001 Kim and Vallet, 2004) that are within a short distance from each other (Vallet et al., 2001) . Because of linkage disequilibrium, polymorphisms in these or other nearby genes also could be responsible for the significant effects reported here.
An effect of the Ser-Arg locus on the number of embryos on d 11 of pregnancy was detected in Group 3 gilts, although a similar but nonsignificant trend was present in gilts from Groups 1 and 2. This occurred despite no significant effects on OR, leaving differences in fertilization rate or embryonic survival as the only remaining explanations. In Group 3, the boars were the same genotype as the gilt; thus, the genotype could have influenced sperm function in the male. Nonetheless, given the presence of a similar trend in Groups 1 and 2 gilts, where the boar genotype was unknown, this explanation seems unlikely. A more likely explanation is that some aspect of oocyte development (subsequently affecting fertilization rate) or embryo survival was affected by the Ser-Arg locus. Although there is currently no evidence for a role for sFBP in follicle development, expressed sequence tags corresponding to this gene have been isolated from ovarian RNA libraries (www.tigr.org/tigr-scripts/tgi/T_index.cgi?species=pig).
The difference in UC between heterozygous and homozygous gilts for the Ser-Arg SNP was observed in Group 3 gilts, but not in Groups 1 and 2 combined. The difference in results may be due to differences in the numbers of observations for each genotype in the different groups. Because of the low frequency of the Arg allele in the population of Meishan-White crossbred gilts from which the Groups 1 and 2 gilts were sampled, the numbers of observations for heterozygous and homozygous Arg gilts may have been insufficient to detect differences in UC in Groups 1 and 2.
The dominance effect of the Ser-Arg locus on UC is difficult to explain. Although the Ser-Arg locus also was associated with the number of embryos present on d 11 of pregnancy, this cannot be used to explain the UC results because the average number of embryos on d 11 for all three genotypes still exceeded average UC by 3 to 4 embryos. Because it seems clear that sFBP genotype affects more than one trait, the results could be due to a combination of negative and positive influences of the genotype on various mechanisms that together determine UC. To fully understand how the SerArg SNP affects UC, a great deal more information on the role of sFBP in conceptus development, and the differences between the Ser and Arg forms of sFBP with regard to susceptibility to degradation and folate affinity are needed.
In contrast to the Ser-Arg locus, the 12-bp ins/del locus had an additive effect on UC and is thus of potential value for marker-assisted selection for litter size. Unfortunately, it also had an opposing additive effect on OR; thus, the net effect on litter size may be limited except in high ovulating lines of gilts. The effect on OR is counterintuitive, considering that the frequency of the deletion allele, which is associated with decreased OR, is significantly greater in the OR line compared with the control, suggesting that selection for OR increased the frequency of the allele. The control and OR lines began with gilts sampled from a common population of white crossbred gilts, however, and the frequency of the deletion allele in the founder gilts and boars of each line are not known. It is possible that by chance the allele frequencies were already significantly different in the founder animals. It also is possible that the deletion allele frequencies in the control and OR lines may have diverged due to genetic drift.
The opposing effects of the ins/del locus on UC and OR may have decreased the association between the genotype at the ins/del locus and litter size in intact OR gilts. Despite the opposing effects of the ins/del locus on OR and UC, the depression in OR by the locus could potentially be overcome either by selection or by hormonal treatment, which would result in increased litter size. The effect of the ins/del on UC was approximately 1.2 extra piglets per uterine horn in UHO gilts, which translates into potentially 2.4 piglets per litter in intact gilts if OR is sufficient. Further experiments are needed to confirm the potential utility of this locus for altering litter size of swine.
Implications
Because both secreted folate binding protein polymorphisms were significantly associated with uterine capacity, these results suggest that the secreted folate binding protein gene plays a role in the uterine capacity of gilts. More information is needed on the role of secreted folate binding protein in reproduction in the pig and on the consequences of the genetic variation in the secreted folate binding protein gene on gene transcription, messenger RNA, and protein function. Nevertheless, these results confirm that sequence variation in the secreted folate binding protein gene is associated with differences in various factors affecting litter size, including ovulation rate, fertilization rate or embryonic survival, and uterine capacity. Because of the dominance effect of the serine-arginine single nucleotide polymorphism and the opposing effects of both secreted folate binding protein polymorphisms on the component traits of litter size, these genetic markers are unlikely to be immediately useful for marker-assisted selection for litter size without further research.
